Introduction
Cancer is a major public health problem worldwide (1) . Although new systemic therapies and improvements in surgery have had a substantial impact on disease outcome in recent years, many cancer patients still develop metastases, the major cause of cancer-related deaths. Control of metastasis is thus one of the most important challenges faced by oncologists (2) . Tumor cells that have already arrived at remote organs but not yet formed clinically evident metastatic lesions are known as disseminated tumor cells (DTCs) (3), with most DTCs in patients having been detected as quiescent single cells (4) . Among several organs in which DTCs are found, much attention has focused on bone marrow (BM), given that DTCs in BM are largely nonproliferative and persist for long periods (5) . Dissemination has already occurred in many patients at the time of diagnosis, with DTCs having been detected in BM of approximately 40% of newly diagnosed breast cancer patients (6) . Early dissemination has also been observed in various animal models (7, 8) .
Breast cancer patients with DTCs in their BM have a shorter disease-free period and poorer prognosis compared with DTC-negative patients (9, 10) . In addition, the presence of DTCs in BM is associated with local recurrence of breast cancer (6) , a relationship that has also been suggested experimentally (11) . Nevertheless, direct evidence that DTCs in BM are the source of recurrent or metastatic lesions has not been obtained as a result of the inability to monitor individual tumor cells over long periods. On the other hand, several lines of indirect evidence have emerged. For instance, dormant DTCs retrieved from metastasis-free mouse organs were shown to regain tumorigenic and metastatic potency after transplantation into another animal (12) . Whole-genome sequencing technology has also suggested that approximately 80% of metastatic lesions are derived from DTCs in breast cancer patients (13) . The eradication of dormant DTCs might thus be expected to reduce the incidence of both tumor relapse and metastasis.
Most conventional anticancer drugs target proliferating cells and are therefore ineffective against DTCs as a result of their low proliferation rate (14) . Two potential alternative approaches are to attenuate the dormancy of DTCs and thereby convert the quiescent cells into proliferative, chemosensitive cells, or to reinforce Dormant cancer cells known as disseminated tumor cells (DTCs) are often present in bone marrow of breast cancer patients. These DTCs are thought to be responsible for the incurable recurrence of breast cancer. The mechanism underlying the long-term maintenance of DTCs remains unclear, however. Here, we show that Fbxw7 is essential for the maintenance of breast cancer dormancy. Genetic ablation of Fbxw7 in breast cancer cells disrupted the quiescence of DTCs, rendering them proliferative, in mouse xenograft and allograft models. Fbxw7-deficient DTCs were significantly depleted by treatment with paclitaxel, suggesting that cell proliferation induced by Fbxw7 ablation sensitized DTCs to chemotherapy. The combination of Fbxw7 ablation and chemotherapy reduced the number of DTCs even when applied after tumor cell dissemination. Mice injected with Fbxw7-deficient cancer cells survived longer after tumor resection and subsequent chemotherapy than did those injected with wild-type cells. Furthermore, database analysis revealed that breast cancer patients whose tumors expressed FBXW7 at a high level had a poorer prognosis than did those with a low FBXW7 expression level. Our results suggest that a wake-up strategy for DTCs based on Fbxw7 inhibition might be of value in combination with conventional chemotherapy for the treatment of breast cancer.
the machinery that maintains DTCs dormant (15) . An understanding of the mechanisms by which tumor cell dormancy is maintained would thus be expected to lead to the development of therapeutic options for preventing relapse in patients with a history of cancer (16) . Although such mechanisms have remained largely obscure, several secreted factors derived from the tumor microenvironment, including TGF-β and BMP, have been shown to maintain the quiescence of DTCs (17) . The extracellular matrix also influences the dormant state of DTCs, as evidenced by the finding that DTCs in the lung are reactivated relatively rapidly in response to persistent integrin signaling triggered by the surrounding fibrous microenvironment (16, 18) . The quiescence of DTCs in BM is supported by the hematopoietic stem cell niche (19) , with various cytokines such as CXCL12 derived therefrom having been shown to contribute to maintenance of the stationary phase of DTCs (20) . Indeed, DTCs enter peripheral blood in response to the administration of G-CSF or an inhibitor of CXCL12/CXCR4 signaling in some experimental settings (19) . Cell-intrinsic mechanisms such as activation of p38 MAPK or the unfolded protein response (or both) were also shown to promote the survival of dormant DTCs (3). Of note, many molecular programs that promote dormancy of DTCs are thought to be identical to those that regulate self-renewal in adult stem cells (21) .
Fbxw7 is the substrate recognition component of a Skp1-Cul1-F box-type (SCF-type) E3 ubiquitin ligase that is responsible for the ubiquitylation and consequent proteasomal degradation of positive regulators of the cell cycle including cyclin E and c-Myc (22) . Fbxw7 restrains the cell cycle through the orchestrated degradation of these positive regulators. Fbxw7 is highly expressed in various types of stem cells in which dormancy is required and controls cell cycle entry in vivo (23) . In the context of chronic myeloid leukemia (CML), in which leukemia stem cells (LSCs) are maintained dormant like DTCs of breast cancer, we and others previously showed that c-Myc accumulates as a result of Fbxw7 deletion in CML cells and forces quiescent LSCs to enter the cell cycle (24, 25) . Fbxw7-null LSCs are sensitive to cytosine arabinoside or imatinib, both of which are widely administered for the treatment of CML, and the combination of Fbxw7 ablation and either of these anticancer drugs resulted in efficient eradication of LSCs and reduced the rate of relapse in mouse models of CML. It has been unclear, however, whether such an approach might also prove effective against cancer stem cells in solid tumors or against DTCs, both of which are also largely quiescent.
In the present study, we aimed to develop a new treatment strategy to target dormant DTCs in breast cancer. We show that expression of the Fbxw7 gene is upregulated in dormant breast cancer cells and that its disruption results in a purge of tumor cells from the quiescent state, rendering them susceptible to chemotherapy. Analysis of clinical data retrieved from The Cancer Genome Atlas (TCGA) also revealed that breast cancer patients with a high level of FBXW7 expression in the primary tumor had a poorer prognosis compared with those with a low level of FBXW7 expression. We propose that inhibition of Fbxw7 in combination with chemotherapy is a promising strategy to eradicate DTCs and thereby to prolong the overall survival of patients with breast cancer.
Results

FBXW7 is highly expressed in quiescent human breast cancer cells.
To identify gene sets most differentially expressed in quiescent DTCs relative to primary breast cancer cells, we exploited a previously published experimental data set (26) in which gene expression patterns were compared at the single-cell level between primary breast tumor cells and quiescent metastatic cancer cells of patient-derived xenograft models. Gene ontology (GO) enrichment analysis of differentially expressed genes in the data set identified "regulation of cell proliferation" (GO: 0042127) as the most enriched gene set in the disseminated cells (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125138DS1). The expression of CDKN1B, which encodes the cyclin-dependent kinase inhibitor p27
Kip1 (27) , was increased 7.3-fold in DTCs compared with the primary tumor cells, whereas that of MYC, which encodes a key driver of the cell cycle (28) , was markedly suppressed in DTCs (Supplemental Figure 1B) . These results suggested that regulation of the cell cycle is pivotal in DTCs. We next focused on Fbxw7, given that its primary function is to degrade multiple proteins, including c-Myc, that promote cell cycle progression (29) (30) (31) , and that its ablation in LSCs disrupts their quiescence and thereby renders them sensitive to imatinib (24, 25) . Given that, like normal hematopoietic stem cells or LSCs, DTCs of breast cancer are maintained in a dormant state and reside in BM (16), we hypothesized that Fbxw7 might be indispensable for maintaining the quiescence of DTCs.
We thus examined FBXW7 expression in quiescent mammary tumor cells. The human breast cancer cell lines MCF-7 and MDA-MB-231 were induced to form mammospheres in order to enrich quiescent stem cells in vitro (32) . Primary mammospheres were collected 7 days after the onset of culture and were then either processed for RNA extraction or reseeded for formation of secondary mammospheres during culture for an additional 7 days before RNA extraction ( Figure 1A ). Reverse transcription (RT) and real-time PCR analysis revealed that FBXW7 expression was upregulated in the primary mammospheres (which reflect both stem cell and progenitor cell states) and further increased in the secondary mammospheres (which reflect the stem cell state) of both cell lines compared with the corresponding cells maintained in 2D culture ( Figure 1B) .
To further enrich quiescent cells in mammospheres, we labeled MDA-MB-231 cells with PKH26, a lipophilic dye that stains slowly dividing cells (33) , and then allowed the cells to form mammospheres during culture for 7 days. Label-retaining (quiescent) cells and other cell fractions were isolated by FACS ( Figure 1C ) and analyzed by quantitative RT-PCR ( Figure 1D) . The FBXW7 expression level was significantly greater in the slow-cycling fraction (F4) than in rapidly growing populations (F1 and F2). Mammosphere cells were also stained with Hoechst 33342 and pyronin Y ( Figure 1E) , and those in G 0 phase of the cell cycle isolated by FACS were found to express FBXW7 at a higher level than cycling cells ( Figure 1F ).
We then examined whether FBXW7 is also highly expressed in quiescent breast tumor cells in vivo. Given that MDA-MB-231 cells readily metastasize to various tissues (5) including BM, where DTCs are maintained for long periods in the quiescent state, we established MDA-MB-231 cells that express the fluorescent marker protein mVenus and then injected them orthotopically into NOD-SCID immunodeficient mice in order to allow monitoring of DTCs in vivo. Primary tumor cells as well as DTCs in BM were harvested and analyzed by FACS ( Figure 1G ). mVenus signals of DTCs were detected in BM of the injected mice, although the frequency of such cells was extremely low. The expression level of FBXW7 was significantly higher in DTCs of BM than in primary tumor cells ( Figure 1H ). Our observations thus suggested that FBXW7 is highly expressed in quiescent breast cancer cells both in vitro and in vivo.
Fbxw7 ablation induces loss of quiescence in breast tumor cells. The high expression level of FBXW7 in quiescent breast tumor cells was thus consistent with the notion that Fbxw7 plays a pivotal role in the maintenance of dormancy in these cells. Given that the F-box domain of Fbxw7, which is encoded by exons 4 and 5 of FBXW7, is indispensable for formation of the SCF complex (34), we inserted a 3′ stop-codon cassette into exon 4 of the gene in MDA-MB-231 cells expressing mVenus with the use of the CRISPR-Cas9 system (Figure 2A) . The truncated protein encoded by the mutant allele was not detected by immunoblot (IB) analysis with antibodies against Fbxw7 ( Figure 2B ), suggesting that the mutant protein was unstable. We also infected the Fbxw7-KO cells with a lentivirus containing human FBXW7 cDNA to obtain rescued cells ( Figure 2B ).
The Fbxw7-KO and -rescued cells were separately injected into the fourth mammary fat pad of NOD-SCID mice, and the resulting primary tumors were resected for FACS analysis. Such analysis revealed that, compared with WT MDA-MB-231-mVenus cells, the Fbxw7-KO cells contained a significantly reduced proportion of quiescent cells, and this loss of quiescence was reversed by restoration of Fbxw7 expression ( Cells grown in conventional 2D culture were transferred to ultralow-attachment dishes with the indicated supplements and allowed to form primary (1st) and secondary (2nd) mammospheres. Scale bar indicates 50 μm in the phase-contrast micrograph of primary mammospheres. (B) Primary and secondary mammospheres, as well as cells maintained in the 2D culture condition, were harvested and subjected to RT and real-time PCR analysis of FBXW7 expression (n = 6 independent experiments). (C) PKH26-labeled MDA-MB-231 cells were allowed to form mammospheres for 7 days and then isolated by FACS. Cells in fraction 4 (F4) retain PKH26 to the greatest extent and therefore constitute a slowly dividing population, whereas rapidly growing cells in fraction 1 (F1) had lost most of the PKH26 dye. SSC, side scatter. (D) RT and real-time PCR analysis of FBXW7 mRNA abundance in cell fractions isolated as in C (n = 4 independent experiments). (E) MDA-MB-231-derived mammospheres (day 7) were stained with Hoechst 33342 and pyronin Y for isolation by FACS of quiescent (G 0 ) and cycling (G 1 -G 2 /M) populations. (F) RT and real-time PCR analysis of FBXW7 mRNA abundance in quiescent and cycling cell populations isolated as in E (n = 5 independent experiments). (G) MDA-MB-231 cells expressing mVenus were injected into the fourth mammary fat pad of NOD-SCID immunodeficient mice. Primary tumors and BM were isolated from mice when the primary tumor had achieved a diameter of 1 cm and were isolated by FACS as indicated. Arrows indicate DTCs in BM. (H) RT and real-time PCR analysis of FBXW7 mRNA abundance in primary tumor cells and DTCs of BM isolated as in G (n = 4 recipient mice). Box-and-whisker plots show the median, the lower and upper quartiles, 1.5× the interquartile range, and outliers. *P < 0.05, **P < 0.01 by Kruskal-Wallis test (B and D) or Mann-Whitney U test (F and H).
administered to breast cancer patients (36, 37) . However, although such agents eliminate many cancer cells, a small proportion of slowly or rarely cycling tumor cells, including cancer stem cells, remains unaffected and can give rise to relapse (14, 38) . Our finding that Fbxw7-deficient breast cancer cells are forced to leave the quiescent state prompted us to examine whether such cancer cells show an increased susceptibility to chemotherapeutic drugs.
We transplanted WT, Fbxw7-KO, or Fbxw7-rescued MDA-MB-231-mVenus cells into the fourth mammary fat pad of NOD-SCID mice. The resulting primary tumors were resected when they achieved a diameter of 1 cm, and the mice were then injected i.p. with paclitaxel (10 mg/kg per day for 5 consecutive days). Mice with no evidence of recurrence at 42 days after surgery were analyzed by FACS ( Figure 3A) , as previously described (5) . The frequency and absolute number of DTCs in BM were much smaller in recipients of Fbxw7-deficient tumor cells than in those of WT or Fbxw7-rescued cells (Figure 3 , B and C). We also found that NOD-SCID mice that received Fbxw7-deficient cells survived longer after surgery and chemotherapy than did those that received WT cells ( Figure 3D ). These results suggested that Fbxw7-deficient DTCs forced to leave the quiescent state became sensitive to conventional chemotherapy.
Fbxw7-deficient tumor cells are susceptible to chemotherapy in a mouse allograft model. We also examined the effect of Fbxw7 ablation in a mouse allograft model of breast cancer based on the transplantation of E0771 breast cancer cells into C57BL/6J immunocompetent mice (39) . Fbxw7 expression was increased in mammospheres formed by E0771 mouse cells ( Figure 4A ) and was greater in the quiescent fraction than in the cycling fraction of mammosphere cells (Figure 4 , B and C), as was the case for MCF-7 and MDA-MB-231 human cells (Figure 1 , B, E, and F). Furthermore, the expression level of Fbxw7 was greater in the fraction of E0771 cells showing high aldehyde dehydrogenase (ALDH) activity, in which breast cancer stem cells are enriched (40) , than in those with low ALDH activity (Supplemental Figure 2, A and B) .
We next examined the effect of Fbxw7 deletion on chemoresistance. The Fbxw7 gene was ablated in E0771 cells with the use of the CRISPR-Cas9 system ( Figure 4D ), and the WT and KO cells were then infected with lentiviruses encoding mVenus or tdTomato, respectively. We mixed equal numbers (2.5 × 10 5 cells each) of WT-mVenus and Fbxw7-KO-tdTomato E0771 cells and transplanted them into the fourth mammary fat pad of C57BL/6J mice. Primary tumors were surgically resected 21 days after cell injection, and the mice were then injected i.p. with paclitaxel or vehicle for 5 consecutive days ( Figure 4E ). At day 30, cells in the lung were examined by FACS ( Figure 4F) . A substantial number of Fbxw7-KO-tdTomato E0771 cells was detected in the lung of vehicle-treated mice, whereas no or only a few such cells were recovered from the lung of paclitaxel-treated mice ( Figure 4G ). On the other hand, WT-mVenus cells were detected in the lung of both control and paclitaxel-treated mice, suggesting that the Fbxw7-deficient tumor cells were more susceptible to chemotherapy than were the control cells. Mice injected with Fbxw7-deficient E0771 cells alone and treated with paclitaxel survived significantly longer than did those injected with control cells and treated with the drug (Figure 4H ). FACS analysis at day 150 revealed that 3 of the 5 surviving mice injected with Fbxw7-KO-tdTomato cells had no remaining such cells in the lung (Supplemental Figure 2C) , indicative of the eradication of Fbxw7-deficient tumor cells by conventional chemotherapy.
Breast cancer patients with a low level of FBXW7 expression survive longer than those with a high level. Although Fbxw7 was first identified as a tumor suppressor (41) , recent studies have shown that it can also play an oncogenic role depending on the cellular context (42, 43) . Our present results showed that Fbxw7 ablation induces quiescent tumor cells to enter the cell cycle and thereby renders them susceptible to conventional chemotherapy in 2 independent mouse models. To extend our investigation to the clinical setting, we retrieved clinical and gene expression data for breast cancer patients from TCGA for analysis of the relationship between FBXW7 expression level and overall survival. Kaplan-Meier curves ( Figure 5A ) showed that patients with tumors expressing FBXW7 at a level lower than the median (n = 503) tended to survive longer than did those with tumors expressing the gene at a level higher than the median (n = 503). This survival difference was more pronounced between those patients in the top 20% for FBXW7 expression level (n = 202) and the remaining patients (n = 804), with no patient in the FBXW7-high cohort surviving for more than 20 years (Supplemental Figure 3A) . Allocation of patients that survived for more than 2.5, 5.0, 7.5, or 10 years to FBXW7-low or FBXW7-high groups based on the median expression level as previously reported (44) revealed a statistically significant difference in survival between the 2 groups for 7.5-and 10-year survivors ( Figure 5B and Supplemental Figure 3, B-D) , suggesting that expression of FBXW7 is associated with long-term prognosis in breast cancer patients.
We also examined 26 additional international breast cancer cohorts published previously (45) . Most of these cohorts did not show a significant association between FBXW7 expression status and overall survival in terms of the hazard ratio (HR, Figure 5C ), possibly as a result in part of the limited numbers of patients and the fact that FBXW7 expression level did not affect short-term prognosis in the TCGA data set ( Figure 5A ). However, a meta-analysis (n = 5,962) of these cohorts revealed that the integrated HR was 1.07 (95% CI, 1.01-1.14), indicating that FBXW7-high patients had a significantly poorer prognosis compared with their FBXW7-low counterparts ( Figure 5C ). This observation further reinforced the notion that FBXW7 expression level affects overall survival of breast cancer patients. We thus conclude that Fbxw7 plays a pivotal role in the maintenance of slow-cycling, chemotherapy-resistant tumor cells not only in mouse models but also in human breast cancer patients.
Wake-up approach to eradication of chemoresistant breast cancer cells. We finally evaluated the efficacy of a therapy targeting Fbxw7 for breast cancer. Given that inhibitors of Fbxw7 have not been developed to date, we established an MDA-MB-231-mVenus cell line in which FBXW7 can be deleted by Cre recombinase in an inducible manner (Supplemental Figure 4A) . Disruption of FBXW7 by Cre induction was confirmed in these cells both in vitro and in vivo (Supplemental Figure 4, B and C) . We transplanted the cells into the fourth mammary fat pad of NOD-SCID mice and subsequently removed the primary tumors by surgical resection as well as treated the mice first with tamoxifen (100 mg/kg per day on 5 consecutive days) to delete FBXW7 in DTCs and then with paclitaxel ( Figure 6A ). At 42 days after surgery, the mice were analyzed for the number of DTCs remaining in BM. Although the number of such cells did not differ significantly between vehicle-and paclitaxel-treated mice not injected with tamoxifen, it was significantly reduced by paclitaxel treatment in tamoxifen-injected mice ( Figure 6 , B and C). These results suggested that the combination of Fbxw7 inhibition and chemotherapy is a promising approach to improve the long-term survival of breast cancer patients through eradication of DTCs, even after these cells have migrated to BM.
Discussion
Efforts to treat metastatic disease are hindered by the fact that metastatic cells often remain dormant for periods of years or even decades (46) . Dormancy confers on tumor cells the ability to resist conventional therapies that target rapidly cycling cells and to eventually give rise to overt metastases (47) . In the present study, we found that the Fbxw7 gene is highly expressed in quiescent breast cancer cells and that its deletion forced DTCs to exit the dormant state and thereby rendered them susceptible to conventional chemotherapy in both immunodeficient xenograft and immunocompetent allograft mouse models. We also found that breast cancer patients whose tumors express FBXW7 at a low level survive longer than their counterparts with a high FBXW7 expression level, with this difference in survival being especially pronounced for long-term survivors. Furthermore, we showed that the combination of Fbxw7 ablation and chemotherapy reduced the number of DTCs even when applied after tumor cell dissemination.
Although ubiquitin ligases including SCF Fbxw7 have been considered to be undruggable, they have the potential to become drug targets as a result of various recent technological innovations (48) . For example, a biplanar dicarboxylic acid compound has been shown to inhibit substrate recognition by Cdc4, a yeast ortholog of Fbxw7 (49) . The combination of inhibitors of human Fbxw7, when developed, with conventional anticancer drugs would be expected to reduce the number of existing DTCs and thereby to improve the overall survival of breast cancer patients.
From a biological point of view, the upstream regulator of Fbxw7 expression in DTCs remains to be identified. Expression of p53 was previously shown to be increased in quiescent cells (50) , and the Fbxw7 gene is a target for transcriptional regulation by p53 (41) . To determine whether p53 functions as an upstream regulator of FBXW7 expression in breast cancer, we examined the amount of p53 mRNA in primary tumor cells and DTCs isolated from the MDA-MB-231 xenograft model. RT and real-time PCR analysis revealed that the abundance of p53 mRNA was indeed increased in DTCs compared with the primary breast tumor cells (Supplemental Figure 5A ). This result is consistent with public data GSE70555 (26) . We next treated mammospheres derived from MCF-7 or MDA-MB-231 cells with the p53 inhibitor pifithrin-α (51, 52). As a positive control, we confirmed that pifithrin-α significantly reduced the expression of CDKN1A (Supplemental Figure 5B) , a well-established p53 target gene (53) . In contrast, the upregulation of FBXW7 mRNA in mammospheres was not significantly affected by this drug (Supplemental Figure  5C ). These results thus suggested that p53 is not a direct upstream regulator of FBXW7 expression in this context. Fbxw7 exists in several isoforms: Fbxw7β, Fbxw7γ, and the major isoform Fbxw7α (42) . Various stress conditions have been shown to specifically increase Fbxw7β expression, largely in a p53-dependent manner (54) . Consistent with this finding, inhibition of the Mdm2-p53 interaction resulted in marked upregulation of Fbxw7β and Fbxw7γ, but not of Fbxw7α, in HCT116 cells (55) . Ablation of each Fbxw7 isoform separately in cultured cells revealed that Fbxw7α mediates most Fbxw7 functions (56) . Together, these various findings suggest that Fbxw7α may play the dominant role in dormant breast cancer cells.
Expression of the Fbxw7 gene has also been shown to be regulated by miRNA-mediated silencing (57). The miRNA miR-223 has been implicated in human cancer and is commonly repressed in various tumors (58) (59) (60) . Forced expression of miR-223 was found to suppress Fbxw7 expression and thereby to increase cyclin E abundance and activity, whereas depletion of miR-223 had the opposite effects in primary mouse embryonic fibroblasts, indicating that the expression of Fbxw7 can be modulated directly by miR-223 (61). A similar inverse relationship between miR-223 and FBXW7 expression was previously detected in breast cancer (62) . We also examined the relationship between miR-223 expression and overall survival of breast cancer patients in TCGA with the use of PROGmiR, an internet-based bioinformatics tool that calculates and plots Kaplan-Meier curves (63) . We found that miR-223-high patients tended to survive longer than did miR-223-low patients (Supplemental Figure 5D) , consistent with the better prognosis of FBXW7-low breast cancer patients. We thus speculate that miR-223 might be an upstream regulator of Fbxw7 expression in DTCs.
We previously showed that c-Myc is the key substrate of Fbxw7 with regard to maintenance of the quiescence of leukemia-initiating cells (25) . It is of note that the p38 MAPK signaling pathway has been shown to be activated in dormant tumor cells (3, 64, 65) , and that p38 activation in turn increases c-Myc expression (66, 67) . It is thus possible that upregulation of Fbxw7 in dormant cells serves to degrade c-Myc protein that has been produced in a p38-dependent manner and thereby to maintain quiescence. The c-Myc protein might therefore also be the most critical substrate of Fbxw7 in DTCs.
We also extended our survival analysis of TCGA patients to clear cell renal cell carcinoma, in which the importance of dormancy has been demonstrated in the clinical setting (68) . Renal cell carcinoma patients with a high level of FBXW7 expression had a poorer prognosis compared with those with a low level of FBXW7 expression (Supplemental Figure 5E ), suggesting that Fbxw7 might play a role in this tumor type similar to that in breast cancer.
Although reactivation of DTCs is a promising approach to eradication of metastatic tumor lesions, there are several potential problems with this wake-up strategy. One risk is that it might accelerate disease progression by promoting the proliferation of DTCs. This unwanted consequence might be avoided by ) separately and then treated with PTX as in E. Box-and-whisker plots show the median, the lower and upper quartiles, 1.5× the interquartile range, and outliers. *P < 0.05 by Kruskal-Wallis test (A), Mann-Whitney U test (C), or log-rank test (H).
administration of agents that inhibit Fbxw7 together with or before (or both) standard care regimens. Clinical trials of wake-up therapies for CML were performed after initial chemotherapy and in combination with such chemotherapy, with regrowth of cancer cells not having been detected under such conditions (69) (70) (71) , suggesting that this strategy may not be risky when combined with currently available chemotherapeutics. Another potential risk of the wake-up strategy is the acquisition of novel mutations by the newly proliferating cells. In addition, this approach might damage not only DTCs but also normal tissue stem cells, given that these cells are also maintained in the quiescent state in most cases. Such a risk may be mitigated by the transient administration of agents that induce cell cycle entry. Clinical studies of hematologic malignancies have not revealed excessive toxicity in patients receiving a cell cycle inducer together with standard chemotherapy (69) (70) (71) , suggesting that it might be possible to identify a therapeutic window at least for some such regimens.
In contrast to wake-up therapy, several agents to maintain DTC quiescence, known as hibernation therapy, have been tested for their efficacy (15) . Patients must continue to use such drugs for their entire lives, however, which may result in side effects and other problems (15) as well as become a financial burden. Indeed, such problems have been recognized with regard to HAART (highly active antiretroviral therapy) for HIV infection (72) , and strategies for activation and targeting of latently infected cells are under consideration (73) . A combination of wake-up therapy with hibernation therapy is a potential approach that makes use of the advantages of both strategies. For example, after an initial wake-up treatment, remaining DTCs that are not eradicated with anticancer agents could be immediately induced to hibernate. Repeated cycles of wake-up and hibernation therapy might then eventually lead to the complete elimination of residual DTCs.
In summary, we have shown that Fbxw7 depletion forces breast tumor cells to exit the quiescent state and thereby sensitizes DTCs to conventional chemotherapy. Further development of this wake-up therapy, alone or in combination with hibernation therapy, may eradicate DTCs and prolong the survival of breast cancer patients.
Methods
Mice. C57BL/6J and NOD-SCID mice were obtained from The Jackson Laboratory. Mice were injected i.p. with paclitaxel (Sigma-Aldrich) and tamoxifen (Sigma-Aldrich) at a dose of 10 mg/kg and 100 mg/ kg, respectively.
Cell culture and genetic manipulation. MDA-MB-231 cells (National Institute of Biomedical Innovation) and MCF-7 cells (ATCC) were maintained in DMEM (Sigma-Aldrich). E0771 cells (CH3 BioSystems) were cultured as described previously (39) . For stable expression of mVenus, MDA-MB-231 or E0771 cells were infected with a lentivirus encoding mVenus for 2 days, after which mVenus-expressing cells were isolated with the use of a FACSAria II instrument (BD). For generation of Fbxw7-deficient MDA-MB-231 or E0771 cells with the use of the CRISPR-Cas9 system, complementary oligonucleotides corresponding to the target sequence of single guide RNAs for human FBXW7 (5′-CACCGTGCTGAC-CCCAAGAAGGAAT-3′ and 5′-AAACATTCCTTCTTGGGGTCAGCAC-3′) or mouse Fbxw7 (5′-CAC-CGCGGCTCAGACTTGTCGATAC-3′ and 5′-AAACGTATCGACAAGTCTGAGCCGC-3′) were annealed and subcloned into the BbsI site of pX330 (Addgene). Both 5′ and 3′ arms of the template vector for homology-directed repair were amplified by PCR with MDA-MB-231 genomic DNA and subcloned into pBlueScript II SK+ (Addgene) with the use of appropriate primers and restriction enzymes. The resulting template vector was introduced into cells together with the appropriate pX330-derived vector and an expression vector containing either a hygromycin resistance gene (for MDA-MB-231 cells) or a puromycin resistance gene (for E0771 cells) with the use of Lipofectamine LTX reagent (Roche), and the cells were then selected in medium containing hygromycin (1,000 μg/ml) or puromycin (5 μg/ml), respectively. The cells were subsequently transferred at low dilution to 96-well plates in order to obtain single cellderived clones that no longer expressed Fbxw7. Fbxw7-deficient MDA-MB-231 cells were infected with a Figure 5. FBXW7 expression status is associated with overall prognosis of breast cancer patients. (A) Kaplan-Meier curves for breast cancer patients in the TCGA data set with tumors expressing FBXW7 at levels lower or higher than the median. (B) Kaplan-Meier curves for 10-year breast cancer survivors in the TCGA data set according to FBXW7 expression level. The P value was determined with the log-rank test. (C) Meta-analysis of breast cancer patients showing a significant impact of FBXW7 expression status on overall survival. The estimated HR (pink squares) and 95% CI are shown for each study. The integrated HR (pink diamond) and 95% CI were 1.07 and 1.01 to 1.14, respectively. SE, standard error.
lentivirus encoding human Fbxw7 in order to rescue Fbxw7 expression. For generation of Fbxw7 conditional KO cells, we infected Fbxw7-deficient MDA-MB-231-mVenus cells with retroviruses for CreERT2 or containing FBXW7 cDNA flanked by loxP sites. The cells were treated with 10 μM 4-hydroxytamoxifen (Sigma-Aldrich) for 48 hours to induce ablation of Fbxw7.
Mammosphere formation. Mammospheres were formed by culture of MDA-MB-231, MCF-7, or E0771 cells (2 × 10 3 per well) for 7 days in 6-well ultralow-attachment dishes (Corning) containing DMEM-F12 (Invitrogen) supplemented with recombinant human EGF (20 ng/ml, BD), recombinant human basic FGF (bFGF, 20 ng/ml, Corning), and B27 supplement (Thermo Fisher Scientific). Primary mammospheres were collected for generation of secondary mammospheres as described previously (32) . Mammospheres were treated with pifithrin-α (Merck) at 10 or 50 μM.
PKH26 and ALDEFLUOR assays. PKH26-positive cells and ALDH hi cells were isolated with the use of PKH26GL (Sigma-Aldrich) and ALDEFLUOR (Veritas) kits, respectively.
Tumor cell transplantation and surgery. Tumor cells (5 × 10 6 MDA-MB-231 cells with Matrigel [Corning], or 5 × 10 5 E0771 cells) were injected into the fourth mammary fat pad of 7-to 8-week-old female NOD-SCID or C57BL/6J mice, respectively. The resulting primary tumor was removed together with the surrounding normal fat pad by surgical resection when the tumor had achieved a diameter of 1 cm, as described previously (5) .
FACS sample preparation and analysis. Tumor dissociation was performed as described previously (74), with minor modifications. In brief, the tumor tissue was mechanically dissociated with razor blades and digested by incubation for 1 hour at 37°C with collagenase IV (0.2 mg/ml, Worthington), dispase (2 mg/ml, Gibco), hyaluronidase (4 mg/ml, Sigma-Aldrich), and DNase I (0.1 mg/ml, Roche) in RPMI 1640 medium supplemented with 10% FBS. Cells in BM were isolated as described previously (75) . Both cell suspensions were washed with PBS, and red blood cells therein were lysed with hemolysis buffer (10 mM Tris-HCl [pH 7.5], 140 mM NH 4 Cl). The isolated cells were then stained for 30 minutes at 4°C with antibodies against mouse CD31 (BD, 553371), 
